In order to characterize the motor activity of a surgically constructed gastric tube, several hours of ambulatory intraluminal pressure recordings were performed in 6 patients following esophagectomy and gastric tube construction. Whole pressure waves were spectrally analyzed by Fast Fourier Transform (FFT). Simultaneous abdominal and thoracic electrogastrograms (EGGs) were recorded for about 20 min both before and after meals during ambulatory pressure recording. The pressure waves and EGGs for each 20 min recording were analyzed by the maximal entropy method (MEM). While the motility index of the pressure waves decreased after a meal, the 3 cpm component of these waves (2.4-3.7 cpm) increased significantly (n=6, P<0.05). Both bradygastria (0-2.4 cpm) and the duodeno-respiratory component (10-15 cpm) decreased, while the tachygastria component (3.7-10 cpm) increased, although these differences were not significant. The peak power of the gastric tube abdominal EGGs was significantly larger than that of control abdominal or thoracic EGGs in each of the 1 cpm (0-2.4 cpm), 6 cpm (5.0-7.4) and 8 cpm components (7.5-9.9). The thoracic EGG consisted mainly of the 3 cpm component, while the spectral amplitudes of the 1, 6, 8 and 10 cpm components were below 6% of the 3 cpm component. The peak spectral frequency both of the intraluminal pressure waves by FFT and of the thoracic EGGs by MEM occurred within the 3 cpm component. A cross correlation of about 0.2-0.3 occurred between the thoracic EGGs and the intraluminal pressure waves. Thus the gastric tube seems to preserve most of the original gastric motor characteristics and to contribute as a substitute for the original esophagus and stomach.
Introduction
Gastric tube formation is performed following esophagectomy in some cases of esophageal cancer. The earlier idea that the gastric tube is just an inert organ and that swallowed material just flows down due to gravity (Hinder, 1976; Moreno-Osset et al., 1986; Morton et al., 1991; Bonavina et al., 1992) has been changed to an acceptance that it can contract and demonstrate motor activity (Huang et al., 1985; Collard et al., 1998; Logeman et al., 2000) . The construction of a gastric tube provides a functional replacement for both the esophagus and the stomach and gives the recipient a good quality of life (QOL) (Collard et al., 1998; Logeman et al., 2000) . We have undertaken spectral analysis of the motor activity of the gastric tube to determine whether this was functionally equivalent to that of the esophagus and stomach. In order to characterize the motor activity of the gastric tube, we spectrally analyzed the intraluminal pressure during ambulatory recording. We also recorded and spectrally analyzed the thoracic surface electrogastrograms (EGGs) over the gastric tube as well as the usual epigastric and abdominal EGGs. The results have shown that the gastric tube seems to preserve most of the motor characteristics of the original stomach and functionally serves as a substitute for both the esophagus and stomach. A part of this study has been previously reported (Terashima et al., 2000) .
Materials and Methods
The ten patients who had undergone esophagectomy and gastric tube formation that were selected for this study had an average age of 66 ± 2.9 years and were 74.0 ± 9.6 months after surgery (mean ± SE). Usual abdominal surface EGGs were recorded at 27 locations (n=10) (shown as 1-27 in Fig. 1 ). Simultaneous abdominal (27 locations) and thoracic EGG (5 locations, 28-32, in Fig. 1 ) recordings were performed in 9 patients (64 ± 2.9 years old, 80.0 ± 7.8 months after surgery). Ambulatory intraluminal pressure recording of the gastric tube was performed for a total of 119.8 ± 2.7 min (fasting recording time, 86.8 ± 2.6 min; postprandial recording time, 33 ± 1.2 min, n=6). Simultaneous recording of abdominal and thoracic EGGs (from 32 locations) were performed in 6 patients for about 20 min both before and after meals, respectively. Their average age was 64 ± 2.3 years, with an average postoperative duration of 70.3 ± 8.2 months (n=6). Informed consent was obtained from each patient. Abdominal EGG electrodes were placed on ethanol cleaned skin and attached with surgical tape (Fig. 1) . After several hours of fasting, a manometric catheter with 6 solid-state sensors was inserted via the nose into the gastric tube so that under fluoroscopic control the first sensor (Fig. 1, smaller filled circle, but inoperative) was positioned to be at the sternum end of the clavicle. The sensor intervals were 2.5 cm between 1 and 2, and 5 cm between the others (Fig. 1, larger Multigram using FFT (Ver. 6.31, Nippon Eurotec) for the manometric data. The spectral groups analyzed by FFT were defined as bradygastria (0-2.4 cpm), the 3 cpm component (2.4-3.7 cpm), tachygastria (3.7-10 cpm), and the duodeno-respiratory component (10-15 cpm) according to the software. As for the manometric data, the mean indices from all 5 channels were used as those representative of a particular subject. Surface thoracic and abdominal EGGs and the corresponding manometric data at that time were sampled from the manometric chart with a digitizer. In each case, 6 fasting and 6 postprandial files were sampled at one second intervals for 128 sec. The postprandial recordings were made after the subject had consumed two blocks of Calorie Mate (100 kcal/block, Otsuka Pharmaceutical Co. Ltd., Japan) and 100-150 ml water.
The data was analyzed by the maximal entropy method (MEM). MEM is superior to FFT for analyzing short samples as it provides smooth spectra (Kay and Marple, 1981) . For this data, the EGG spectral frequency groups were arbitrarily classified into the 1 cpm group (0-2.5 cpm), the 3 cpm group (2.5-5.0 cpm), the 6 cpm group (5-7.5 cpm), the 8 cpm group (7.5-10 cpm), and the 10 cpm group (10-12.9 cpm) (Homma, 1997; Homma et al., 1999; Homma et al., 2000) .
In addition, the 3 cpm% content of the thoracic EGG (2.4-3.7 cpm) was calculated for comparison with that of the pressure data. The maximal power was selected from the control abdominal EGG recordings (one from 27 locations), from the gastric tube abdominal signals (one from 27) and from the thoracic gastric tube signals (one from 5), respectively and used to calculate the respective mean power for the 5 spectral groups ( Table 2 ). The mean and standard error (SE) of the indices was calculated in each case and the Student's t-test was used for statistical analysis. Those P values below 0.05 were considered to be significant. 
Results

Pressure analysis
A sample recording of the original pressure waves is shown in Fig. 2A . Small waves below 10 mm Hg were dominant in all recordings. Phasic waves were also seen but were rare (see Fig. 3 in Terashima, 2005) . These are spectrally analyzed with FFT. The mean duration (sec), mean amplitude (mmHg), mean area (mmHg × sec) (P<0.01), and the motility index, In {(Σarea)/min} all decreased after a meal, but the number of contractions per minute was similar (Table 1 ). The percent content of the 3 cpm component (2.4-3.7 cpm) increased significantly by about 15% (P<0.05) after a meal (Fig. 3) . Bradygastria (0-2.4 cpm) and the duodeno-respiratory 21.5 ± 1.41 13.9 ± 3.40 Mean dur (sec) (whole data)
1.9 ± 0.20 1.3 ± 0.29 Mean area (whole data)
14.6 ± 1.39 (e) 1.9 ± 0.20 (f) Motility index (whole data)
1.2 ± 0.65 0.6 ± 0.39 Table 2 Comparison of the spectral amplitude (power, µV
2 ) in control abdominal EGG (control) (n=17), gastric tube thoracic EGG (GTtho) (n=9), and abdominal EGG (GTabd) (n=10) in the fasting and postprandial states. P<0.05 between a-c, b-c, d-e, f-h, g-h and i-j; P<0.01 between i-k and j-k. component (10-15 cpm) decreased after a meal, while the tachygastria component (3.7-10 cpm) increased after a meal (Fig. 3) . The mean value of the period dominant frequency (PDF) within the 2.4-4.5 cpm component from the thoracic sensors was 3.0 ± 0.17 (n=10) during fasting and 3.1 ± 0.21 (n=10) in the postprandial state as determined by FFT (data not given in Table 1 ). The mean number of contractions per minute was 0.30 ± 0.13 (n=10) in the fasting and 0.33 ± 0.16 (n=6) in the postprandial state. The mean fasting amplitude was 21.5 ± 1.41 mmHg (n=6) while the postprandial amplitude was 13.9 ± 3.48 mmHg (n=6). The 3 cpm pressure component analyzed with FFT and MEM increased significantly after a meal (P<0.05-0.01). The 3 cpm component of the thoracic EGG also increased after a meal, but not significantly (Table 1) . Table 2 shows the spectral amplitude (power) of the 5 spectral frequency groups from each of the control abdominal EGG (control), the gastric tube abdominal EGG (GTabd) and the gastric tube thoracic EGG (GTtho). The gastric tube abdominal EGG power was greater than that of either the control or gastric tube thoracic EGG in both the fasting and postprandial 1 cpm groups (0-2.4 cpm). Similarly, the gastric tube abdominal EGG was greater than the thoracic EGG in both the 6 cpm group (5.0-7.4 cpm) and the 8 cpm group (7.5-9.9 cpm) during fasting (P<0.05-0.01). If the spectral amplitudes of the 3 cpm component of the control, abdominal or thoracic EGGs are taken as 1.0, respectively, the thoracic EGG spectral amplitudes of the 1, 6, 8
Comparison of control abdominal EGG, gastric tube abdominal EGG and gastric tube thoracic EGG
and 10 cpm components were very small (0.007-0.06, Table 2 ). The spectral frequencies of the control, gastric tube abdominal and thoracic EGGs were similar and the differences in the 5 spectral groups were not significant, i.e., 1 cpm group (0-2.4 cpm), 3 cpm group (2.5-4.9), 6 cpm group (5.0-7.4), 8 cpm group (7.5-9.9), and 10 cpm group (10-12.9).
Correlation between pressure waves and thoracic EGG
Original pressure waves ( Fig. 2A ) and EGG waves (Fig. 2C ) are shown in a piled manner as running spectral arrays. Their running spectral arrays by spectral analysis are shown in Fig. 2B (pressure) and Fig. 2D (EGG). The lower piles cross correlogram (Fig. 2E ) seems to show a fairly good cross correlation of 0.2-0.3 between the pressure and the EGG waves (Homma et al., 1995) .
Comparison of spectral frequencies of pressure waves and thoracic EGG
The pressure wave frequency shown as the PDF by using FFT was 3.0 ± 0.17 cpm during fasting and 3.1 ± 0.21 cpm (n=10) in the postprandial state according to the thoracic sensors, as we have mentioned previously in the pressure analysis section. Analysis of some MEM pressure waves gave figures of 3.3 ± 0.23 cpm during fasting and 3.2 ± 0.20 cpm (n=10) in the postprandial state. None of these values were significantly different. Spectral analysis with MEM of the simultaneous EGG recording of the thoracic EGGs at the nearest pressure sensor gave 3.3 ± 0.20 cpm (n=10) during fasting and 3.2 ± 0.17 cpm (n=10) in the postprandial state. They were not significantly different from each other. The supposed distance between the EGG electrodes and the nearest pressure sensor was 2.2 ± 0.52 cm (channel number, n=13) on a projected plane.
Discussion
Motor activity of the gastric tube is reported to be at the rate of about 3 cpm (Collard et al., 1998; Logeman et al., 2000) . We could confirm this by spectral analysis of pressure waves both with FFT and MEM (Figs. 2 and 3, Table 1 ). Postprandial spectral power increase in the EGG is well known (Smout et al., 1980; Homma et al., 1995) . We noticed that the % of the 1 and 3 cpm components increased after a meal both in spectral analysis of pressure waves and thoracic EGG (Table 1) . However, the mean thoracic EGG power of the 3 cpm component is decreased after a meal, in contrast to the mean power increase in the control abdominal and gastric tube abdominal EGG (Table 1 ). In addition, the motility index, In (Σarea/min), decreased after a meal in this study. Similar motility index decreases after a meal are reported (Collard et al., 1998) . Removal of extrinsic nervous control, especially via the vagus nerve, may be involved in the postprandial increase in motor activity, because vagal denervation occurs during surgical formation of the gastric tube. It is reported that the phase 3 was seen in one case out of 7 gastric tube formations. This vagal denervation produced a loss of adaptive relaxation (Logeman et al., 2000) . Gastric distension of over 200 ml induced continuous phasic motor activity of about 3 waves/min in the gastric tube (Logeman et al., 2000) . These responses were not recognized in the gastric tube in this study, probably because of the very low volume of the meal and water which was below 100 to 150 ml in our procedure and in others (Collard et al., 1998 : a solid-liquid meal of 800 calories).
No postprandial increase in either motor activity or the motility index was observed in the gastric tube, but pressure and EGG waves showed basically 3 cpm activity on spectral analysis.
